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(57) 	 ABSTRACT 
Systems and methods in accordance with embodiments of the 
invention implement multi-directional environmental sen-
sors. In one embodiment, a multi-directional environmental 
sensor includes: an inner conductive element that is substan-
tially symmetrical about three orthogonal planes; an outer 
conductive element that is substantially symmetrical about 
three orthogonal planes; and a device that measures the elec-
trical characteristics of the multi-directional environmental 
sensor, the device having a first terminal and a second termi-
nal; where the inner conductive element is substantially 
enclosed within the outer conductive element; where the 
inner conductive element is electrically coupled to the first 
terminal of the device; and where the outer conductive ele-
ment is electrically coupled to the second terminal of the 
device. 
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US 9,250,148 B2 
MULTI-DIRECTIONAL ENVIRONMENTAL 
SENSORS 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
The current application claims priority to U.S. Provisional 
Application No. 61/614,397, filed Mar. 22, 2012, the disclo-
sure of which is incorporated herein by reference. 
STATEMENT OF FEDERAL FUNDING 
The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 U.S.C. 202) inwhichthe 
Contractor has elected to retain title. 
FIELD OF THE INVENTION 
The present invention generally relates to multi-directional 
environmental sensors. 
BACKGROUND 
Sensors that monitor environmental parameters are widely 
used to provide and/or enhance the functionality of many 
engineered structures. For example, temperature sensors are 
often included within electronic circuitry to help prevent the 
circuitry from over-heating. Similarly, temperature sensors 
can also be used to monitor the temperature of an engine (e.g. 
automobile engine) to also help prevent it from overheating. 
Pressure sensors and strain gauges can also be used to facili-
tate the viability of engineered structures. For example, these 
gauges can measure to what extent a mechanical structure is 
being stressed and/or strained, and thereby determine 
whether the structure's failure load is being approached. 
Accordingly, it would be useful to develop more robust and 
versatile environmental sensors that can withstand more rig-
orous engineering applications. 
SUMMARY OF THE INVENTION 
Systems and methods in accordance with embodiments of 
the invention implement multi-directional environmental 
sensors. In one embodiment, a multi-directional environmen-
tal sensor includes: an inner conductive element that is sub-
stantially symmetrical about three orthogonal planes; an 
outer conductive element that is substantially symmetrical 
about three orthogonal planes; and a device that measures the 
electrical characteristics of the multi-directional environmen-
tal sensor, the device having a first terminal and a second 
terminal; where the inner conductive element is substantially 
enclosed within the outer conductive element; where the 
inner conductive element is electrically coupled to the first 
terminal of the device; and where the outer conductive ele-
ment is electrically coupled to the second terminal of the 
device. 
In another embodiment, the inner conductive element is 
substantially spherical; and the outer conductive element is 
substantially spherical. 
In a further embodiment, the device that measures the 
electrical characteristics of the multi-directional environmen-
tal sensor measures its capacitance; and the inner conductive 
element and the outer conductive element are separated by 
ambient air. 
In yet another embodiment, a multi-directional environ-
mental sensor includes a medium that is disposed in between 
2 
the inner conductive element and the outer conductive ele-
ment, and thereby separates the inner conductive element and 
the outer conductive element. 
In a yet further embodiment, the medium is a dielectric 
5 medium. 
In still another embodiment, the device measures the elec-
trical characteristics of the multi-directional environmental 
sensor measures its capacitance. 
In a still further embodiment, when at least a threshold 
10 
amount of pressure is applied to the outer conductive element, 
the distance between the inner conductive element and outer 
conductive element changes as a function of the applied pres-
sure. 
15 	 In still yet another embodiment, a multi-directional envi- 
ronmental sensor includes comprising circuitry that relates 
the electrical characteristics to the pressure applied to the 
multi-directional environmental sensor. 
In a still yet further embodiment, the dielectric material is 
20 a compressible foam. 
In another embodiment, the conductivity of the medium is 
correlated with the extent to which the medium is strained. 
In a further embodiment, the medium comprises silicone 
and fillers that induce conductivity within the silicone. 
25 	 In yet another embodiment, the fillers are one of: ECS1, 
ECS2, ECS3, ECS4, ECS5, ECS6, and mixtures thereof. 
In a yet further embodiment, the device that measures the 
electrical characteristics of the multi-directional environmen-
tal sensor measures the conductance of the multi-directional 
30 
environmental sensor. 
In still another embodiment, when at least a threshold 
amount of pressure is applied to the outer conductive element, 
the distance between the inner conductive element and outer 
35 conductive element changes as a function of the appliedpres-
sure. 
In a still further embodiment, a multi-directional environ-
mental sensor includes circuitry that relates the electrical 
characteristics to the pressure applied to the multi-directional 
40 environmental sensor. 
In a still yet further embodiment, a multi-directional envi-
ronmental sensor includes a temperature sensor. 
In another embodiment, the temperature sensor is one of: a 
thermocouple, a thermi stor, a resistance temperature detector, 
45 and a pyrometer. 
In a further embodiment, a multi-directional environmen-
tal sensor includes a plurality of strain-sensing resistors that 
are electrically coupled to the device that measures the elec-
trical characteristics of the multi-directional environmental 
50 sensor. 
In yet another embodiment, a multi-directional environ-
mental sensor includes a micro-gyroscope. 
In a yet further embodiment, a multi-directional environ-
mental sensor includes a 5-line robust liquid crystal polymer-
55 based bus line. 
In still yet another embodiment, a multi-directional envi-
ronmental sensor includes a device that wirelessly transmits 
data from the multi-directional environmental sensor. 
In another embodiment, a multi-directional environmental 
60 sensor includes at least one more conductive element dis-
posed in between the inner conductive element and the outer 
conductive element. 
In a still further embodiment, a method of monitoring the 
structural properties of a cement-based structure, includes: 
65 submerging at least one multi-directional environmental sen- 
sor within a cement-based mixture in its non-solid form; 
where the at least one multi-directional environmental sensor 
US 9,250,148 B2 
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4 
can obtain data pertaining to structural properties ; and fabri- 	 tal parameters irrespective of orientation . This aspect can be 
cating a cement-based structure to be monitored using the 	 useful for example in the case where, as the device is embed- 
cement-based mixture. 	 ded within a solid structure , its orientation becomes 
unknown . In some embodiments , the environmental sensor 
BRIEF DESCRIPTION OF THE DRAWINGS 	 5 includes a device that can detect and communicate its orien- 
tation , e.g. a micro -gyroscope can detect orientation. Simi- 
FIG.1 illustrates a multi-directional environmental sensor 	 larly, the environmental sensor can also include a device that 
in accordance with embodiments of the invention. 	 communicates the spatial location of the sensor . In this way, 
FIGS . 2A and 2B illustrate a multi-directional pressure 	 where the environmental sensor is embedded within a solid 
sensor that detects pressure based on a change in capacitance 10 structure , it can relay its precise location so that any measure- 
in accordance with embodiments of the invention. 	 ments that it communicates can be related to the precise 
FIG. 3 illustrates the fabrication of a multi-directional pres- 	 location. 
sure sensor that detects pressure based on a change in capaci- 	 FIG.1 illustrates a spherical multi-directional environmen- 
tance in accordance with embodiments of the invention. 	 tal sensor in accordance with an embodiment of the invention. 
FIGS . 4A and 4B illustrate a multi-directional pressure 15 In the illustrated embodiment , the multi-directional environ- 
sensor that detects pressure based on a change in conductance 	 mental sensor 100 includes an inner conductive element 102, 
in accordance with embodiments of the invention. 	 an outer conductive element 104, and a device that measures 
FIG. 5 illustrates a multi-directional pressure sensor that 	 electrical characteristics 106 having a first terminal 108 and a 
includes strain - sensing elements in accordance with embodi- 	 second terminal 110. The inner conductive element 102 and 
ments of the invention. 	 20 outer conductive element 104 are spherical and are thereby 
FIGS . 6A and 6B illustrate using tethered multi-directional 	 substantially symmetric about three orthogonal planes. Of 
sensors within cement-based structures to monitor the struc- 	 course the conductive elements need not be exactly sym- 
tural properties of the cement-based structures in accordance 	 metrical for example , the outer conductive element 
with embodiments of the invention. 	 includes an opening 112, so that the device can be electrically 
25 coupled to the inner conductive element. And of course, the 
DETAILED DESCRIPTION 	 conductive elements need not be spherical in shape they can 
be any suitable shape in accordance with embodiments of the 
Turning now to the drawings, systems and methods for 	 invention . The electrical characteristics measured by the 
implementing multi-directional sensors are illustrated. In 	 device can be correlated with environmental metrics (e.g. 
many instances, it is useful to be able to detect aspects of the 30 including , but not limited to, pressure ), and thus, the device 
surrounding environment within a liquid or a solid body. For 	 can indicate any of a variety of environmental measurements. 
example, it may be useful to know the pressure within a liquid 
	
Moreover, in many embodiments , multi-directional envi- 
at a given depth . Similarly, in many instances , it may be useful 	 ronmental sensors can further include other sensors. For 
to know the pressure and strain at various nodes within a 	 instance , in some embodiments, the multi-directional envi- 
cement-based structure. In this way the structural aspects of 35 ronmental sensor includes a temperature sensor . In many 
the structure can be monitored , and any damage that would 	 embodiments , resistors that can sense strain are integrated 
result from the failure of the structure can be avoided. 	 with the multi-directional environmental sensors. In this way, 
Accordingly, in many embodiments, a multi-directional 	 the multi-directional environmental sensor can communicate 
environmental sensor includes an inner conductive element, 	 multiple environmental parameters, e.g., pressure , tempera- 
an outer conductive element , and a device that measures the 40 ture, and strain. 
electrical characteristics of the multi -directional environmen- 	 Multi-directional environmental sensors can be used in a 
tal sensor . The inner conductive element can be substantially 	 host of applications. For example, they can be embedded 
enclosed by the outer conductive element, and the two con- 	 within a solid structure at various nodes to indicate the status 
ductive elements can be separated by a medium . The device 	 of the structure at those nodes, and this information can be 
can have first and second terminals for connecting to the 45 used to determine the continued viability of the structure. For 
conductive elements, and it can measure for example, the 	 example, if the sensors have indicated that the structure has 
capacitance of the multi-directional environmental sensor 	 been repeatedly excessively loaded, it can be determined that 
(e.g. the inner conductive element , the outer conductive ele- 	 the structure may no longer be safe . In some instances, the 
ment, and any medium that separates the two). The device 	 multi-directional environmental sensors are embedded 
may also measure the conductance of the sensor. These elec-  50 within cement-based structures, by disbursing them within 
trical characteristics may then be correlated with any of a 	 the cement -based mixture prior to its hardening. 
variety of environmental parameters, e.g. pressure. For 	 The operation of multi-directional environmental sensors 
example, if pressure is applied to the outer conductive ele- 	 is now discussed below in greater detail. 
ment, the distance between the outer conductive element and Multi-Directional Environmental Sensors that Detect Envi-
the inner conductive element can decrease . Accordingly, this 55 ronmental Parameters by Measuring the Sensor ' s Capaci-
can result in a change in the capacitance of the sensor. The tance 
sensor can then relay this data either via a cable or wirelessly. 	 In many embodiments, multi-directional environmental 
Similarly, the sensor can be powered via a cable, or it can 	 sensors detect environmental parameters by measuring a 
include an integrated power source. 	 change in capacitance of the conductive elements. The 
The inner conductive element and outer conductive ele-  60 capacitance of a capacitor is generally a function of the dis- 
ment can be substantially symmetrical about three orthogonal 	 tance of two conductive elements generally, the lesser the 
planes for example, they can be spheres , or they can be 	 distance between the two conductive elements, the greater the 
cubes. In this way, the multi-directional sensor can be adapted 	 capacitance . For example , the capacitance of a spherical 
to measure environmental parameters, e.g. pressure , along at 	 capacitor, where a first spherical shell is centrally disposed 
least three separate directions. When the inner conductive 65 within a second spherical shell and separated by a vacuum is: 
element and the outer conductive element are substantially 
spherical , the sensor can be adapted to measure environmen- 	 C=4~Eo~rara~~ra ra)) 
US 9,250,148 B2 
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where: 
C is the capacitance; 
Eo is the permittivity of free space; 
ra is the radius of the first spherical shell; and 
rb is the radius of the second spherical shell. 
Of course, the capacitance of a capacitor can be increased 
by using a dielectric material to separate the conductive ele-
ments, as opposed to a vacuum. In these cases, the capaci-
tance will be increased in proportion to a dielectric constant, 
K, which is a function of the dielectric material. Some dielec-
tric materials and their dielectric constants are presented 
below in Table 1. 
TABLE I 
Examples of Dielectric Materials and their Dielectric Constants 
Material 
	
K 
Vacuum 1 
Air 1.004 
Most Polymers 2-6 
Highest Polymers 16 
Celazole ® PBI (Polybenzimidazole) 3.2 
Most Ceramics 4-12 
A1Z03 9 
Ta205 25 
Ti02 90 
BaTiO 3 1500 
siox  3.9 
Ceramic Formulation Based 20-15,000 
The data in table I is drawn from J. E. Sergent, "Chapter 8: 30 
Discrete Passive Components for Hybrid Circuits," inHybrid 
Microelectronics Handbook, Second Edition, J. E. Sergent 
and C. A. Harper, eds., McGraw-Hill, Inc., New York, 1995, 
pp. 8-1 to 8-40, the disclosure of which is hereby incorporated 
by reference. 35 
Accordingly, in many embodiments a multi-directional 
pressure sensor is implemented. In particular, the multi-di-
rectional pressure sensor includes two conductive ele-
ments—an inner conductive element and an outer conductive 
element—electrically coupled to two respective terminals of 40 
a device that can measure capacitance. The inner and outer 
conductive elements are electrically separated, e.g. via air, 
vacuum, or a dielectric material. When pressure is applied to 
the outer conductive element, the multi-directional environ-
mental sensor can be configured so that the distance between 45 
the inner conductive element and the outer conductive ele-
ment lessens. For example, the inner and outer conductive 
elements can take the form of spheres the inner conductive 
sphere being substantially housed within the outer conductive 
sphere, and a compressible dielectric material can be inter- 50 
posed between the inner conductive element and the outer 
conductive element. Accordingly, when pressure is applied, 
the separation distance between the inner and outer conduc-
tive element will decrease, and this will cause the capacitance 
to increase. The device that can measure capacitance can 55 
detect this increase in capacitance, which can then be corre-
lated with the pressure that was applied to cause the decreased 
separation distance. 
FIGS. 2A and 2B illustrate the operation of a multi-direc-
tional pressure sensor that uses capacitance to sense pressure 60 
in accordance with embodiments of the invention. In the 
illustrated embodiment, a multi-directional pressure sensor 
includes an inner conductive element 202 and an outer con-
ductive element 204 that are electrically coupled to two ter-
minals of a device that measures capacitance 206.A dielectric 65 
material 208 is interjected between the inner conductive ele-
ment 202 and the outer conductive element 204. Preferably,  
6 
the dielectric material is compressible. For instance, the 
dielectric material can be a compressible foam. Of course, 
any dielectric material can be used in accordance with 
embodiments of the invention. In some embodiments the 
inner conductive element and the outer conductive element 
are separated by ambient air. Ina number of embodiments, the 
inner conductive element and the outer conductive element 
are separated by a vacuum. 
As illustrated in FIG. 213, when pressure is applied to the 
outer conductive element, the dielectric material 208 can 
compress, and the distance between the inner conductive 
element 202 and the outer conductive element 204 reduces. 
Accordingly, the device that measures capacitance 206 will 
detect an increase in capacitance, and the extent of this 
increase can be correlated with the applied pressure that 
caused the displacement. Essentially, the extent to which the 
dielectric material 208 is strained can be detected and corre-
lated with the applied pressure. Of course, as one of ordinary 
skill in the art would appreciate, the multi-directional sensor 
can incorporate any type of circuitry to facilitate the compu-
tation of the applied pressure. In some embodiments, the 
multi-directional pressure sensor relays the capacitance mea-
surements to a separate computer, so that the computer can 
perform the calculations. 
A multi-directional pressure sensor can be fabricated in 
any number of ways in accordance with embodiments of the 
invention. For example, a series of layered material deposi-
tions can be used to fabricate spherical pressure sensor in 
accordance with embodiments of the invention. FIG. 3 illus-
trates a process for fabricating a spherical multi-directional 
pressure sensor that uses ambient air to separate the inner 
conductive element and the outer conductive element in 
accordance with an embodiment of the invention. In the illus-
trated embodiment, the process begins [Step 1] with a bare 
metallic sphere 302. An additional protective metal coating 
304 may be deposited [Step 2] on the sphere. A low tempera-
ture polymer sacrificial layer coating 306 may be deposited 
[Step 3] on the sacrificial coating. And an outer conductive 
element 308 may be deposited [Step 4] on the sacrificial 
coating. The inner and outer conductive elements may be 
electrically coupled to the respective terminals of a device 
that measures their capacitance the attachment to the termi-
nals can serve to affix the spatial relationship of the inner 
conductive element and the outer conductive element. The 
sacrificial layer may be removed [Step 5], e.g. by melting 
away the layer, so that the area between the inner conductive 
element and the outer conductive element is hollow. Of 
course, instead of using a sacrificial layer 306, a dielectric 
material could be used which can make manufacturing easier. 
However a multi-directional environmental sensorthat is hol-
low canbe advantageous as it canbe more sensitive to applied 
pressure. Although one process for manufacturing a multi-
directional sensor has been discussed, a multi-directional 
sensor can be fabricated in any number of ways in accordance 
with embodiments of the invention. 
Although multi-directional environmental sensors having 
two conductive elements have been discussed, in some 
embodiments, a multi-directional environmental sensor 
includes a plurality of conductive layers, and the electrical 
characteristics of the multi-directional environmental sensor 
including the plurality of conductive layers is detected and 
related to an environmental parameter to be measured. In 
essence, embodiments of the invention are not restricted to 
sensors that include only two conductive elements. 
5 
10 
15 
20 
25 
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In addition to detecting environmental parameters by 	 Temperature sensors can also facilitate the operation of the 
detecting a change in capacitance, environmental parameters 	 multi-directional environmental sensor. For instance, the 
can also be determined by detecting a change in conductance, 	 temperature of the sensor may impact the measured electrical 
and this is discussed below. 	 characteristics, and this may be accounted for in relating the 
Conductance 	 5 electrical measurements to the metric that is being measured, 
In many embodiments, a multi-directional sensors detects 	 e.g. pressure. In many embodiments a multi-directional envi- 
environmental parameters by measuring a change in conduc- 	 ronmental sensor includes strain-sensing resistors. For 
tance of the sensor. For example, a conductive material can be 	 example, the multi-directional pressure sensor can include a 
disposed in between the inner conductive element and the 	 plurality of strain resistors so that both pressure and strain can 
outer conductive element, where the conductivity of the mate-  io be determined. Of course, any strain-sensing elements can be 
rial is a function of to what extent it is strained. 	 incorporated in accordance with embodiments of the inven- 
FIGS. 4A and 4B illustrate a multi-directional environ- 	 tion. 
mental sensor that determines applied pressure by measuring 	 FIG. 5 depicts a multi-directional environmental sensor 
conductance in accordance with an embodiment of the inven- 	 that incorporates strain-sensitive resistors in accordance with 
tion. The multi-directional pressure sensor is similar to that 15 embodiments of the invention. In the illustrated embodiment, 
seen in FIGS. 2A and 213, except that it includes a device that 	 the multi-directional pressure sensor 500 includes meander 
measures conductance, and the material separating the inner 	 resistors 502 embedded on the surface of the outer conductive 
conductive element from the outer conductive element is also 	 element. The meander resistors vary their resistance in pro- 
conductive, but its conductivity is a function of the extent to 	 portion to the extent that they are strained. Thus, when the 
which it is strained. FIG. 4B illustrates that when pressure is 20 sphere becomes strained, the resistors will change their resis- 
applied, the conductive material becomes compressed and its 	 tance in proportion to the extent of the strain. Of course, the 
conductivity increases (indicated by the darkened dots) in 	 resistors can be coupled with the device for measuring elec- 
relation to the extent to which it is compressed. Accordingly, 	 trical characteristics 506 so that the strain can be detected. 
the extent of compression, and hence the conductivity, can be 	 Note that a plurality of meander resistors can be integrated 
correlated with the applied pressure. Of course, the multi-  25 within the sensor so that strain in various directions can be 
directional sensor can include circuitry for computing the 	 measured. Moreover, the multi-directional sensor can also 
applied pressure. In some embodiments, the electrical char- 	 include a device that indicates the orientation of the sensor. 
acteristics are relayed to a separate computer for performing 	 For example, a micro-gyroscope can be embedded within the 
any desired computation. 	 device. In this way, the spatial relationship of the strain- 
The compressible conductive material can be achieved in a 30 sensing resistors can be known, and any measured strain can 
number of ways. For example, silicone can be embedded with 
	
be associated with a particular strain direction. 
fillers (e.g. carbon fillers) that can increase its conductivity. 	 Although temperature sensors and strain sensors have been 
Silicones may be used as they possess a number of beneficial 
	
described, any suitable sensing elements can be integrated 
material properties, including: low flammability, elasticity, 	 within the multi-directional environmental sensor in accor- 
and temperature stability. Of course, any type of fillers that 35 dance with embodiments of the invention. The above-de- 
increase conductivity can be used. For example, silver and 	 scribed multi-directional environmental sensors are substan- 
gold fillers may be used to increase conductivity. In many 	 tially versatile and can be utilized in a host of applications. 
embodiments, the filler material is one of the following manu- 	 For example, they can be embedded within a solid structure so 
factured by NuSil Technology LLC: ECS1 (Amorphous Car- 	 that the structural properties (e.g. stress and/or strain) can be 
bon Black), ECS2 (Carbon Black Fibers), ECS3 (Silver 40 monitored, and this is disclosed below. 
Coated Metal Spheres), ECS4 (Silver Coated Fibers), ECS5 	 Multi-Directional Environmental Sensors that can Monitor 
(Silver Coated Spheres), and ECS6 (Silver Coated Fibers). 	 Structural Properties 
Similarly, any base material may be used that can be aug- 	 In many embodiments, multi-directional environmental 
mented so that its conductivity is a function of the extent it is 	 sensors are configured to be embedded within solid structures 
strained. More generally, any material can be used that has a 45 so as to measure their structural characteristics. For example, 
conductivity that is a function of the extent that it is strained. 	 multi-directional environmental sensors can be embedded at 
In some embodiments, the conductive material disposed 	 nodes within solid structures, and thereby indicate to what 
between the inner conductive element and the outer conduc- 	 extent the structural integrity has been and/or is being 
tive element has a foam type consistency. This may be ben- 	 stressed. Thus, for example, the safety of the structure can be 
eficial so that the material can displace more easily, and 5o known. 
thereby yield a more sensitive pressure sensor. 	 FIGS. 6A and 6B depict how multi-directional environ- 
Of course, although using the capacitance and conductance 	 mental sensors can be embedded within cement-based struc- 
of the sensor has been described in sensing environmental 	 tures in accordance with embodiments of the invention. In the 
surroundings, any suitable electrical characteristic can be 	 illustrated embodiment, a cement-based structure 604, will be 
measured and related to the pertinent environmental metric in 55 used to secure a pipe in place. Before the introduction of the 
accordance with embodiments of the invention. Multi-direc- 	 cement-based mixture, multi-directional environmental sen- 
tional environmental sensors can also include other sensing 	 sors 600 are tethered to the outside of the pipe wall. The 
elements that can provide for enhanced functionality, and this 	 tethers may be any suitable tethering material. Moreover, the 
is discussed below. 	 tether can be capable of transmitting power and data to and 
Integrated Multi-Directional Environmental Sensors 	 60 from the sensor. For instance, in many embodiments, a 5-line 
In many embodiments, the multi-directional sensors fur- 	 robust liquid crystal polymer-based bus line is used to tether 
ther include other sensing elements. For instance, in some 	 the sensor. Of course any tethering material can be used. 
embodiments temperature sensors can be integrated within 	 When the cement-based mixture is introduced (e.g. in its 
the body of the outer conductive element. For example, ther- 	 non-solid form), the tethered sensors are released into the 
mocouples, thermistors, resistance temperature detectors, 65 flow of the mixture, and are thereby disbursed and submerged 
and/or pyrometers may be embedded in the sensor, although 	 within the mixture. Accordingly, when the cement-based 
of course, any temperature sensing element can be used. 	 mixture hardens, the multi-directional environmental sensors 
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can remain embedded within the cement-based structure. 
Thus, the structural integrity of the cement-based structure 
can be monitored. 
In many embodiments, the sensors include devices for 
wirelessly transmitting data, and thus do not need to rely on a 
tether to transmit the measurements. Moreover, in a number 
of embodiments, the sensors include a power source and 
therefore do not need to rely on an external power source to 
power the sensor via a tether. Accordingly, in many embodi-
ments, multi-directional environmental sensors are disbursed 
within a cement-based mixture prior to its hardening without 
relying on any cables, wiring, or any other tethering material. 
Additionally, the multi-directional sensors can include 
devices that communicate the spatial location and orientation 
of the sensors. Therefore, when the sensors get carried away 
by the cement-based mixture flow, their precise location and 
orientation can still be known, and the stress/strain measure-
ments can be correlated accordingly. 
The aforementioned multi-directional environmental sen-
sors are particularly advantageous in that they employ an 
efficient design and do not excessively rely on moving parts. 
The sensors can also be fabricated from durable materials to 
withstand rigorous applications, and can thereby be made to 
be even more robust. For example, the sensors can be fabri-
cated: so as to function within a temperature range from —40° 
F. to 400° F.; to withstand pressures ranging from 0 to 15,000 
psi; to withstand seawater and subsurface environments; and 
to withstand corrosive environments. Thus, in many embodi-
ments, the constituent materials are chosen to be able to meet 
one or more of these objectives. For example, ceramic mate-
rials, metallic carbides, silicon carbides, gallium nitrides, 
nanofibers and/or nanotube composites can be used. These 
materials are known to withstand high temperatures, high 
pressures, and corrosive environments. Moreover, ceramic 
coatings can be used to protect sensors and sensor parts from 
exposure to corrosive chemicals. Similarly, pressure protec-
tive packages can be used to provide protection from exces-
sive pressure. Furthermore, the materials can be chosen so 
that the sensor is conducive to microfabrication and microas-
sembly processes. 
Additionally, the sensors canbe configured to relay sensing 
data either continuously or periodically. Relaying data con-
tinuously can provide more comprehensive data, while relay-
ing data periodically may reduce the sensor's power require-
ments. 
Of course, although a particular application of multi-direc-
tional sensors has been elaborated on, the multi-directional 
environmental sensors described herein are substantially ver-
satile, and can be used in a variety of applications. The above 
description is meant to be illustrative. Indeed, as can be 
inferred from the above discussion, the above-mentioned 
concepts can be implemented in a variety of arrangements in 
accordance with embodiments of the invention. Accordingly, 
although the present invention has been described in certain 
specific aspects, many additional modifications and varia-
tions would be apparent to those skilled in the art. It is there-
fore to be understood that the present invention may be prac-
ticed otherwise than specifically described. Thus, 
embodiments of the present invention should be considered in 
all respects as illustrative and not restrictive. 
What is claimed is: 
1. A multi-directional environmental sensor comprising: 
an inner conductive element that is contiguous and sub- 
stantially symmetrical about each of three orthogonal 
planes;  
10 
an outer conductive element that is contiguous and sub-
stantially symmetrical about each of three orthogonal 
planes; and 
a device that measures the electrical characteristics of the 
5 multi-directional environmental sensor, the device hav-
ing a first terminal and a second terminal; 
wherein the outer surface of the outer conductive element 
defines a volume, and the inner conductive element is 
positioned entirely within the volume; 
l0 	
wherein the inner conductive element is electrically 
coupled to the first terminal of the device; and 
wherein the outer conductive element is electrically 
coupled to the second terminal of the device. 
15 	 2. The multi-directional environmental sensor of claim 1: 
wherein the inner conductive element is substantially 
spherical; and 
wherein the outer conductive element is substantially 
spherical. 
20 	 3. The multi-directional environmental sensor of claim 2: 
wherein the device that measures the electrical character-
istics of the multi-directional environmental sensor 
measures its capacitance; and 
wherein the inner conductive element and the outer con-
25 ductive element are separated by ambient air. 
4. The multi-directional environmental sensor of claim 2 
further comprising a medium that is disposed in between the 
inner conductive element and the outer conductive element, 
and thereby separates the inner conductive element and the 
30 
outer conductive element. 
5. The multi-directional environmental sensor of claim 4, 
wherein the medium is a dielectric medium. 
6. The multi-directional environmental sensor of claim 5, 
35 wherein the device measures the electrical characteristics of 
the multi-directional environmental sensor measures its 
capacitance. 
7. The multi-directional environmental sensor of claim 6, 
wherein when at least a threshold amount of pressure is 
40 applied to the outer conductive element, the distance between 
the inner conductive element and outer conductive element 
changes as a function of the applied pressure. 
8. The multi-directional environmental sensor of claim 7, 
further comprising circuitry that relates the electrical charac- 
45 teristics to the pressure applied to the multi-directional envi-
ronmental sensor. 
9. The multi-directional environmental sensor of claim 8, 
wherein the dielectric material is a compressible foam. 
10. The multi-directional environmental sensor of claim 2, 
50 wherein the conductivity of the medium is correlated with the 
extent to which the medium is strained. 
11. The multi-directional environmental sensor of claim 
10, wherein the medium comprises silicone and fillers that 
induce conductivity within the silicone. 
55 	 12. The multi-directional environmental sensor of claim 
11, wherein the fillers are one of: ECSI, ECS2, ECS3, ECS4, 
ECS5, ECS6, and mixtures thereof. 
13. The multi-directional environmental sensor of claim 
10, wherein the device that measures the electrical character- 
60 istics of the multi-directional environmental sensor measures 
the conductance of the multi-directional environmental sen-
sor. 
14. The multi-directional environmental sensor of claim 
13, wherein when at least a threshold amount of pressure is 
65 applied to the outer conductive element, the distance between 
the inner conductive element and outer conductive element 
changes as a function of the applied pressure. 
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15. The multi-directional environmental sensor of claim 
14, further comprising circuitry that relates the electrical 
characteristics to the pressure applied to the multi-directional 
environmental sensor. 
16. The multi-directional environmental sensor of claim 
15, further comprising a temperature sensor. 
17. The multi-directional environmental sensor of claim 
16, wherein the temperature sensor is one of: a thermocouple, 
a thermistor, a resistance temperature detector, and a pyrom-
eter. 
18. The multi-directional environmental sensor of claim 
15, further comprising a plurality of strain-sensing resistors 
that are electrically coupled to the device that measures the 
electrical characteristics of the multi-directional environmen-
tal sensor. 
19. The multi-directional environmental sensor of claim 
18, further comprising a micro-gyroscope. 
20. The multi-directional environmental sensor of claim 
19, further comprising a 5-line robust liquid crystal polymer-
based bus line. 
12 
21. The multi-directional environmental sensor of claim 
19, further comprising a device that wirelessly transmits data 
from the multi-directional environmental sensor. 
22. The multi-directional environmental sensor of claim 
5 15, further comprising at least one more conductive element 
disposed in between the inner conductive element and the 
outer conductive element. 
23. A method of monitoring the structural properties of a 
cement-based structure, comprising: 
10 	
submerging at least one multi-directional environmental 
sensor within a cement-based mixture in its non-solid 
form; 
wherein the at least one multi-directional environmental 
15 	 sensor can obtain data pertaining to structural prop- 
erties; and 
fabricating a cement-based structure to be monitored using 
the cement-based mixture. 
